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1. Why it is not the SM Higgs
Fact I:
We have a discovery!
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1. Why it is not the SM Higgs
Fact I:
We have an SM-like discovery!
) µSignal strength (
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 bb tagged→H 
 0.28± = 0.91 µ       
 taggedττ →H 
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Fact II:
The SM cannot be the ultimate theory!
Some facts:
1. gravity is not included
2. the hierarchy problem
3. Dark Matter is not included
4. neutrino masses are not included
5. anomalous magnetic moment of the muon shows a ∼ 4σ discrepancy
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Fact I & II:
We have a discovery!
The SM cannot be the ultimate theory!
Conclusion: It cannot be “the SM Higgs”!
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Fact I & II:
We have a discovery!
The SM cannot be the ultimate theory!
Conclusion: It cannot be “the SM Higgs”!
Q: Does the BSM physics have any (relevant) impact on the Higgs?
A: check changed properties
A: check for additional Higgs bosons
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Which model should we focus on?
Some “recent” measurements:
− top quark mass
− Higgs boson mass
− Higgs boson “couplings”
− Dark Matter (properties)
Sven Heinemeyer, Maggie-Fest, 07.10.2015 6
Which model should we focus on?
Some “recent” measurements:
− top quark mass
− Higgs boson mass
− Higgs boson “couplings”
− Dark Matter (properties)
Simple SUSY models predicted correctly:
− top quark mass
− Higgs boson mass
− Higgs boson “couplings”
− Dark Matter (properties)
Sven Heinemeyer, Maggie-Fest, 07.10.2015 6
Which model should we focus on?
Some “recent” measurements:
− top quark mass
− Higgs boson mass
− Higgs boson “couplings”
− Dark Matter (properties)
Simple SUSY models predicted correctly:
− top quark mass
− Higgs boson mass
− Higgs boson “couplings”
− Dark Matter (properties)
⇒ good motivation to look at SUSY! :-)
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2. Higgs bosons in the MSSM:
⇒ Superpartners for Standard Model particles
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The simplest case: MSSM with real paremeters
Enlarged Higgs sector: Two Higgs doublets
H1 =

 H11
H21

 =

 v1+ (φ1+ iχ1)/√2
φ−1


H2 =

 H12
H22

 =

 φ+2
v2+ (φ2+ iχ2)/
√
2


V = m21H1H¯1+m
2
2H2H¯2 −m212(ǫabHa1Hb2+h.c.)
+
g′2+ g2
8︸ ︷︷ ︸ (H1H¯1 −H2H¯2)2+
g2
2︸︷︷︸ |H1H¯2|2
gauge couplings, in contrast to SM ⇒ mh ≤MZ
physical states: h0, H0, A0, H±
Goldstone bosons: G0, G±
Input parameters: (to be determined experimentally)
tanβ =
v2
v1
, M2A = −m212(tanβ + cotβ )
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The lightest MSSM Higgs boson
MSSM predicts upper bound on Mh:
tree-level bound: mh < MZ, excluded by LEP Higgs searches!
Large radiative corrections:
Yukawa couplings: emt2MW sW
,
em2t
MWsW
, . . .
⇒ Dominant one-loop corrections: ∆M2h ∼ Gµm4t log
(
mt˜1
mt˜2
m2t
)
The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)
Present status of Mh prediction in the MSSM:
Complete 1L, ‘almost complete’ 2L available, LL+NLL resummed, . . .
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t˜ sector of the MSSM:
Stop mass matrix
M
2
t˜ =

 M2t˜L +m2t +DTt1 mtXt
mtXt M
2
t˜R
+m2t +DTt2

 θt˜−→

 m2t˜1 0
0 m2
t˜2


with
Xt = At − µ/ tanβ
⇒ mixing important in stop sector!
Simplifying abbreviation:
MSUSY, MS :=Mt˜L
=Mt˜R
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Upper bound on Mh in the MSSM:
“Unconstrained MSSM”:
MA, tanβ, 5 parameters in t˜–b˜ sector, µ, mg˜, M2
Mh <∼ 135 GeV
for mt = 173.2± 0.9GeV and mt˜ <∼ O (few TeV)
(including theoretical uncertainties from unknown higher orders)
⇒ clear prediction for the LHC
Obtained with:
FeynHiggs
www.feynhiggs.de
[T. Hahn, S.H., W. Hollik, H. Rzehak, G. Weiglein ’98 – ’15]
→ all Higgs masses, couplings, BRs, XSs (easy to link, easy to use :-)
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Upper bound on Mh in the MSSM:
“Unconstrained MSSM”:
MA, tanβ, 5 parameters in t˜–b˜ sector, µ, mg˜, M2
Mh <∼ 135 GeV Note : 125 < 135!
for mt = 173.2± 0.9GeV and mt˜ <∼ O (few TeV)
(including theoretical uncertainties from unknown higher orders)
⇒ clear prediction for the LHC
Obtained with:
FeynHiggs
www.feynhiggs.de
[T. Hahn, S.H., W. Hollik, H. Rzehak, G. Weiglein ’98 – ’15]
→ all Higgs masses, couplings, BRs, XSs (easy to link, easy to use :-)
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We have a ∼ 125 GeV SM-like Higgs boson
⇒What are the options?
1. Decoupling limit:
MA≫MZ ⇒ the light Higgs becomes SM-like
2. Alignment limit:
⇒ the light Higgs becomes SM-like due to an “accidental” cancellation
3. Heavy Higgs SM-like:
⇒ is the case with the heavy CP-even Higgs being SM-like
still a viable solution?
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Obtaining a light Higgs with SM-like couplings
[J. Gunion, H. Haber, hep-ph/0207010]
→ CP conserving 2HDM in the Higgs basis (〈H1〉 = v/
√
2, 〈H2〉 = 0)
V = . . .+ 12Z1(H
†
1H1)2+ . . .+
[
1
2Z5(H
†
1H2)2+ Z6(H
†
1H1)(H
†
1H2) + h.c.
]
+ . . .
⇒ CP-even mass matrix:
M2 =

 Z1v2 Z6v2
Z6v
2 M2A+ Z5v
2


with mixing angle cos(β − α) ≡ cβ−α
Decoupling limit: M2A≫ Ziv2
⇒ m2h ∼ Z1v2, |cβ−α ≪ 1|, h is SM-like
Alignment limit: Z6 = 0 (and Z1 < Z5+M
2
A/v
2)
⇒ h is identical to the SM Higgs, cβ−α = 0
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Alignment limit: see e.g.
[M. Carena, I. Low, N. Shah, C. Wagner ’13 ][M. Carena, H. Haber, I. Low, N. Shah, C. Wagner ’14 ]
In the MSSM Z6 = 0 can be obtained through an “accidental” cancellation
between tree-level and loop contribution, roughly at:
tanβ ∼
[
M2h +M
2
Z +
3m2t µ
2
4π2v2M2S
(
A2t
2M2S
− 1
)]/ [ 3m2t
4π2v2
µAt
M2S
(
A2t
6M2S
− 1
)]
Compare: mmod+h and m
alt
h :
At/MS = 2.45, At = Af ,
MS = mf˜ ≥ 1 TeV, mg˜ = 1.5 TeV,
M2 = 2M1 = 200 GeV, µ adjustable
(low MA and tanβ: tune MS ≥ 1 TeV
to obtain Mh ≥ 122 GeV)
⇒ SM-like Higgs for all MA ??? ???
???
???
???
???
Μ = ? ???????
?????+
??% ???? ?????? ?????????
ΣH???L´??H?®??L??
??? ??? ??? ??? ??? ??? ???
?
??
??
??
??
??
?? H???L
?
?
?
Β
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3. MSSM Higgs fit results
pMSSM7 analysis for the various enhancements/suppressions:
[P. Bechtle, S.H. O. St˚al, T. Stefaniak, G. Weiglein, L. Zeune ’15 – PRELIMINARY]
Some details on the pMSSM7 scan:
Min Max
MA 90 GeV 1000 GeV
tanβ 1 60
MQ3 200 GeV 1500 GeV
At −3MQ3 +3MQ3
µ 200 GeV 4000 GeV
ML3 200 GeV 1500 GeV
M2 200 GeV 500 GeV
MQ1,2 =MU1,2 =MD1,2 = 1.5 TeV
MD3 =MU3 =MQ3
ML1,2 =ME1,2 = 300 GeV
Ab = Aτ = At
M3 = 1.5 TeV
M1 fixed by GUT relation
107 random points
R
φ
XX :=
Σi[σi(φ)×BR(φ→XX)]MSSM
Σi[σi(φ)×BR(φ→XX)]SM
Sven Heinemeyer, Maggie-Fest, 07.10.2015 15
Our tools: taken from [T. Stefaniak]
⇒ “naive” χ2 calculation (heavily relying on HiggsSignals)
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The best-fit points: taken from [T. Stefaniak]
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Fit in the light-Higgs case:
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Light-Higgs case: preferred rates
RhV V = 1.00
+0.03
−0.12 , Rhγγ = 1.12
+0.10
−0.23 , RV hbb = 0.98
+0.06
−0.04 , Rhττ = 0.83
+0.23
−0.05
Light τ˜1 can lead to Γ(h→ γγ) enhancement!
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Light-Higgs case: preferred parameters
Favored points with MA >∼ 500 GeV ⇒ decoupling limit
MA >∼ 200 GeV ⇒ alignment limit
Alignment: tanβ ∼ 1/
[
µAt
M2S
(
A2t
6M2S
− 1
)]
⇒ small(er) tanβ needed to avoid ττ limits ⇒ µAt/M2S larger
⇒ positive At preferred (for µ > 0)
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Light-Higgs case: preferred parameters in the t˜ sector
⇒ light stops down to mt˜1 ∼ 300 GeV possible
(even lighter stops possible with Mt˜L
6=Mt˜R)
Note: direct LHC limits on stop searches not yet incluced!
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The “exotic” solution:
the discovery is interpreted as the heavy CP-even Higgs
In principle also possilbe:
Mh < 125 GeV
MH ≈ 125 GeV
Consequences:
− all Higgs bosons very light
− easy(?) discovery of additional Higgs bosons at the LHC
Constraints:
− direct searches for the lightest CP-even Higgs
− direct searches for the heavy neutral Higgses
− direct searches for the charged Higgses
− flavor constraints (BR(Bs → µ+µ−) etc.)
⇒ original scenario: low-MH
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ATLAS results for charged Higgs searches: [ATLAS ’13]
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⇒ exclusion of light MH± in the mmaxh scenario! . . . low-MH?
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Application of charged Higgs limits on low-MH scenario:
[HiggsBounds 4.1]
⇒ that (particular incarnation of the) low-MH scenario is excluded!
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How to avoid BR(t→ H±b) bounds: ⇒ higher MH±!
⇒ “tricky” region below the top threshold!
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Fit in the heavy-Higgs case:
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Heavy-Higgs case: preferred parameters
⇒MA ∼ 150 . . .170 GeV
⇒ mt˜1 ∼ 350 . . .700 GeV
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Where is the light Higgs?
⇒ strongly reduced couplings to gauge bosons ⇒ beyond LEP reach!
⇒Mh > MH/2 to avoid H → hh
Sven Heinemeyer, Maggie-Fest, 07.10.2015 28
Sven Heinemeyer, Maggie-Fest, 07.10.2015 29
4. Maggie Photos 1999 - 2015
− SUSY conferences
− Higgs Days at Santander
− one more from 1999
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4. Maggie Photos 1999 - 2015
− SUSY conferences
− Higgs Days at Santander
− one more from 1999
Maggie: do not worry, the really embarrasing ones are only in the back-up!
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SUSY 2008: South Corea
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SUSY 2008: South Corea
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SUSY 2011: women power at Fermilab
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SUSY 2013: Trieste
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Regular participant at the HDays :-)
HDays11: ⇒ discussions over beer! :-)
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HDays15: ⇒ discussions over beer/wine! :-)
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HDays15: ⇒ discussions over beer/wine! :-)
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But as you know: we are there to work!
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But as you know: we are there to work!
HDays12: ⇒ the real professor! :-)
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HDays13: ⇒ the real professor! :-)
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HDays14: ⇒ the real professor! :-)
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HDays15: ⇒ the real professor! :-)
Sven Heinemeyer, Maggie-Fest, 07.10.2015 44
HDays15: ⇒ the real professor! :-)
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HDays15: ⇒ the real professor! :-)
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And one more from 1999:
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And one more from 1999:
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And one more from 1999:
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5. Conclusinos
• We see an SM-like Higgs at ∼ 125 GeV
• . . . that is not the SM Higgs boson :-)
• Possible interpretations in the MSSM:
− light CP-even Higgs in the decoupling limit
− light CP-even Higgs in the alignment limit
− heavy CP-even Higgs (somewhat contrived)
• pMSSM7 parameter scan:
→ FeynHiggs, HiggsBounds, HiggsSignals, SuperIso
→ Higgs signal, Higgs exclusion bounds, BPO, LEO
⇒ “naive” χ2 evaluation
• SM, MSSM-light-Higgs, MSSM-heavy-Higgs fit equally well in χ2/dof
SM takes hit from (g − 2)µ . . .
• Light-Higgs case: decoupling and alignment favored
• Heavy-Higgs case: MH± <∼ mt to avoid bounds
but remains a possibility
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Back-up
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